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Abstract
The Isomeric beams, LIfetimes and MAsses (ILIMA) collaboration will exploit heavy-ion storage rings at the Facility for An-
tiproton and Ion Research (FAIR) for the study of exotic nuclei. Single-ion sensitivity and exceptional production rates of bare or
few-electron radioactive ions, with atomic numbers up to Z = 92, promise access to a wide range of short-lived nuclides for the first
time. Measuring the masses, lifetimes and decay modes of ground and isomeric states with t1/2 > 10 µs will reveal key features of
nuclear structure and nuclear astrophysics, extending, for example, to r-process waiting-point nuclides in the 208Pb region.
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1. Introduction
It is difficult to overstate the importance of the concept of
“mass” in the development of the physical sciences. Other arti-
cles in this special volume, celebrating 100 years of atomic and
nuclear mass measurements, amply explain the essential role of
masses in understanding the micro-world – a world that is in-
accessible to direct visual observation. Yet even without such
observation, it is now possible in a heavy-ion storage ring to
pinpoint the orbits of individual stored ions within a few tens
of microseconds, to determine their masses to a precision of
better than one part in a million, to follow their time evolution
and, if they are unstable, to identify the nature of their eventual
radioactive decay.
There have already been in-depth reviews of storage rings
applied to the study of radioactive ions [1, 2, 3]. The present ar-
ticle is focussed on future developments. After outlining the
basic techniques, examples of recent measurements to study
short-lived atomic nuclei are presented. We then describe the
new ILIMA (Isomeric beams, LIfetimes and MAsses) [4] capa-
bilities which are being prepared as part of the NuSTAR (Nu-
clear Structure Astrophysics and Reactions) [5] project at FAIR
(Facility for Antiproton and Ion Research) in Darmstadt, Ger-
many [6].
The physics motivation for these studies is multi-faceted,
ranging from probing the fundamental symmetries of nature to
exploring the limits of nuclear binding [7]. A key aspect is to
understand the way that the chemical elements now found on
Earth – such as gold and uranium – were themselves created
in stars and expelled into space, probably by supernova explo-
sions [8]. A high neutron-flux environment was instrumental
in initiating rapid neutron capture, the r-process, that produced,
if fleetingly, extremely neutron-rich nuclides close to the neu-
tron drip-line, and is believed to be responsible for the creation
of about half of all nuclides heavier than iron and of the en-
tire abundance of thorium and uranium [9]. Here, the masses
of these exotic nuclei as well as their β-decay half-lives are the
crucial nuclear physics input to the nucleosyntheisis models.
Different to other nucleosynthesis processes, like the slow
neutron capture (s-process) or rapid proton capture (rp-
process), for which a large amount of experimental data exists,
such data on r-process nuclei are mostly unavailable [8]. The
latter is particularly true for the heavy nuclei responsible for
the peak in the solar r-abundance at A = 195, which reflects the
neutron shell closure at N = 126.
The lack of experimental data for the above nuclei is easy to
understand and is related to the complexity of the production
of the very neutron-rich nuclei at present radioactive-beam fa-
cilities. However, many of the nuclei will become accessible
at the next-generation facility FAIR [6]. Therefore, one of the
central objectives of ILIMA is to study these nuclides through
measuring their masses and lifetimes.
It is clear that also the mass measurements of neutron-
deficient nuclei that are relevant, e.g., for the rp-process or nu-
clear structure studies, will be pursued as well. Among other
tasks of ILIMA are the accurate studies of exotic decay modes
in highly-charged ions, like for instance bound-state β−-decay
or the long searched for Nuclear Excitation by free Electron
Capture (NEEC) process, broad-band half-life measurements
of short-lived as well as long-lived nuclei, and experiments with
clean isomeric beams [4].
In such a way, the ILIMA project seeks to make unique
contributions that will unlock the answers to leading scien-
tific questions in nuclear structure, astrophysics, fundamental
physics and atomic physics.
Preprint submitted to International Journal of Mass Spectrometry April 3, 2013
Figure 1: The FRS-ESR arrangement at GSI. The two stages for in-flight Bρ−∆E− Bρ separation and the energy degrader in the FRS as well as the electron cooler
and the main detection systems in the ESR are shown. The foreseen location of the low-energy storage ring CRYRING (see insert) is indicated together with the
beam-line connecting it to the ESR for transporting slowed-down highly-charged stable or radioactive ions.
2. Radioactive ion beam facilities at GSI and FAIR
An indispensable prerequisite for the experimental investi-
gations of short-lived nuclei, is their production and cleaning
from inevitable – more abundant – contaminations. Two main
techniques exist which are Isotope Separation On-Line (ISOL)
and in-flight separation [10]. We concentrate here on the lat-
ter method which is realised at GSI at the Fragment Separator
(FRS) [11] and is the best suited for storage-ring mass spec-
trometry of short-lived nuclei.
The existing radioactive ion-beam facility at GSI for storage-
ring experiments consisting of the FRS and Experimental Stor-
age Ring (ESR) [12] is schematically illustrated in Figure 1 to-
gether with the plans for installing the Swedish CRYRING after
the ESR [13].
The intense primary beams accelerated in the SIS-18 heavy-
ion synchrotron to energies of 400-800 MeV/u are fast-
extracted and focused on the production target in front of the
FRS. Projectile fragmentation or fission reactions are employed
to produce the exotic nuclei. At such high kinetic energies,
the fragments emerge from the target as highly-charged ions
– mostly fully-ionised – having at maximum four bound elec-
trons. The ability to produce and separate radionuclides in a se-
lected high charge state is a unique capability of FRS-ESR [3],
which will also be realised at FAIR.
Dedicated variable-energy degraders can be employed at the
middle focal plane of the FRS which, in combination with the
double magnetic rigidity (Bρ) analysis, before and after the de-
grader, enables the so-called Bρ − ∆E − Bρ separation [11],
where ∆E reflects the energy loss in the degrader. This is a pow-
erful method which allows separation of clean mono-isotopic
beams. An example of such separation at FRS-ESR is illus-
trated in Figure 2 [2].
After separation with the FRS, exotic ions can be injected
into the ESR [14] for accurate mass and/or lifetime measure-
ments as discussed below. The only significant disadvantage
of the FRS-ESR facility is the low injection efficiency into the
ESR, which is of the order of one percent. Since the storage
times in the ESR can reach hours, different manipulations with
the ions like beam cooling, slowing down, or preparation of
clean mono-isomeric beams can be conducted. The latter can be
achieved in trivial cases, when the lifetimes of the ground and
isomeric states are very different, by just storing the beam in the
ESR until one of the components has decayed, or by mechan-
ical scraping in the ESR as illustrated in Figure 3, where the
Figure 2: Schottky frequency spectra of exotic nuclei stored and cooled in the
ESR. Upper panel: Only a pure magnetic rigidity analysis in the FRS is done.
All isotopes produced in the target and lying within the FRS-ESR acceptance
are transmitted and stored in the ESR. Lower panel: By applying an energy
degrader in the FRS, the transmission of a clean mono-isotopic beam of 52Mn
is achieved. The figure is from Ref. [2].
2
Ti
n
 [s
]
m
e
 a
fte
r i
nje
cti
o
Frequency [kHz]
187.4 187.6187.2 187.8
Insert scraper
Pr140     58+ Ce140      58+
Q   = 3388 keVEC
N
oi
se
 p
ow
er
 d
en
sit
y 
/ a
rb
. u
.18
47
76
105
134
163
192
Figure 3: Time-resolved Schottky frequency spectra in the ESR for stored and
cooled hydrogen-like 140Pr58+ ions and bare 140Ce58+ nuclei. The heavier iso-
baric component is removed by inserting a copper scraper inside the ESR aper-
ture. The corresponding time is indicated by the bold arrow. Adapted from
Ref. [15].
heavier of two A = 140 isobars – separated in energy by merely
3.4 MeV – is removed [15]. We note also that in-ring studies
of nuclear reactions have been achieved very recently at the in-
jection energy as well as with slowed-down ions [16, 17, 18].
Furthermore, in the future, slowed-down ions will be directed
to CRYRING, which will be constructed at GSI in 2013-2014
as part of the FAIR project.
Similar to the GSI facility, the central part of the radioactive-
beam facility at FAIR is the in-flight separator Super-FRS [19],
see Figure 4. According to the Conceptual Design Report of
FAIR [6], a complex of dedicated storage rings is planned con-
sisting of the Collector Ring (CR), the Recuperated Experi-
mental Storage Ring (RESR), the New Experimental Storage
Ring (NESR) connected to the CRYRING renamed the Low
Energy Storage ring (LSR), and the High-Energy Storage Ring
(HESR), where the latter was considered for storage of cooled
antiproton beams only. However, according to the Modularised
Start Version (MSV) of FAIR [20], the realisation of the RESR,
NESR and LSR rings is shifted to a later time. The part of the
MSV of FAIR relevant for ILIMA experiments is illustrated in
Figure 4. The corresponding physics programmes will be out-
lined in the following.
3. Storage-ring mass and lifetime spectrometry
Revolution frequencies f of stored ions can be described
by [2, 21, 22]:
∆ f
f = −
1
γ2t
∆(m/q)
m/q
+
(
1 − γ
2
γ2t
)
∆v
v
, (1)
where m/q stands for the mass-over-charge ratio of the ions,
∆v/v is the velocity spread of the ions, γ is the relativistic
Lorentz factor, and γt is the so-called transition energy of the
ring. The latter is determined by the ion-optical setting of the
ring and is to a good approximation constant. Based on this
equation, two mass measurement techniques have been devel-
oped at GSI, which are briefly described below.
• Schottky Mass Spectrometry
Schottky Mass Spectrometry (SMS) is based on the reduc-
tion of the velocity spread ∆v/v by stochastic [24] and/or
electron [25] cooling. With the latter, ∆v/v < 10−6 can
be achieved for beam intensities of a few thousand stored
ions [23], although at a cost of a few seconds needed for
Figure 4: A part of the modularised start version of FAIR which is relevant
for ILIMA experiments. The exotic ions produced and separated with the
Super-FRS will be injected into the CR, which is designed to operate in the
isochronous ion-optical mode. Radionuclides can be stochastically pre-cooled
in the CR and further transported into the HESR where one can apply electron
and/or stochastic cooling. An additional beam-line connecting Super-FRS-CR-
HESR to ESR-CRYRING is being discussed.
3
cooling. The cooling speed can be increased dramatically
if stochastic pre-cooling is used before applying the elec-
tron cooling [26, 27]. As can be seen from Eq. (1), for
the cooled ions, the revolution frequencies become a di-
rect measure of their mass-over-charge ratios [21].
The Schottky frequency measurement relies on the minute
image charge induced by the passage of an ion close to a
conducting surface, the Schottky pick-up, installed inside
the vacuum chamber of the ring [28]. On a single pass,
this cannot be distinguished from electronic noise, but on
repeated passes (> 105) with a fixed frequency, a signal
emerges after Fourier-transform signal processing. This is
a non-destructive mode of ion detection, and, dependent
on their half-lives, the ions can circulate for long periods
of time (up to hours).
A mass resolving power of m/δm ≈ 1 000 000 (FWHM)
can be achieved in typical SMS experiments in the ESR
leading to a mass accuracy (centroid uncertainty) down to
10 keV/c2 [29, 30]. This high mass resolving power allows
us to separate low-lying isomeric states, as can be seen in
Figure 5 where ions differing in mass by 270 keV/c2 can
be clearly distinguished [30].
• Isochronous Mass Spectrometry
Isochronous Mass Spectrometry (IMS) is based on the
isochronous ion-optical mode of the ring, in which ∆v/v of
the ions – injected with energies corresponding to γ ≈ γt
– is nearly exactly compensated by the lengths of their or-
bits in the ring [33, 34]. In the ESR γt(ES R) ∼ 1.4 [31, 32]
whereas in the CR γt(CR) = 1.4 − 1.8.
Frequency, or its inverse – revolution time, measurements
of the ions are done with a dedicated time-of-flight (ToF)
detector [35]. In the detector, ions pass through a thin car-
bon foil in the storage ring, and the released electrons are
focussed onto multi-channel plates. This enables the pas-
sage of each ion to be recorded, and hence its revolution
frequency to be determined. After ∼103 passes through
the carbon foil, the ions lose too much energy and are
no longer stored. For reliable ion identifications and fre-
quency measurements, at least 20 passes through the foil
are needed, which takes about 10 µs. Therefore, there is
sensitivity to nuclear states with t1/2 > 10 µs, which is
clearly essential for short-lived nuclear species, such as
weakly bound and/or isomeric nuclei. A mass resolving
power of m/δm ∼ 200 000 is achievable in typical IMS ex-
periments without Bρ-tagging (see below) which is some-
what lower than with the SMS technique.
An example of the use of the IMS method is given in Fig-
ure 6. With just five ions of 133mSb, the isomer excitation
energy is determined to an accuracy of 100 keV [36]. It
is notable that the neutral atom 133mSb half-life is 17 µs,
so that this is the shortest-lived nuclear state yet observed
in a storage ring. However, the bare-ion half-life would be
considerably longer, on account of the absence of electron-
conversion decay in this case [36].
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Figure 5: Separating the 192Re isomer from its ground state [30]. The 19275 Re
ions are fully stripped of their atomic electrons. The isomer, observed here for
the first time, has an excitation energy of 267(10) keV [30]. The upper panel (a)
shows frequency centroids relative to 192Os ions, where each count represents a
different ion averaged over 10 s of observation time. (There were seven isomer
γ decays when the centroid was determined both before and after the decay
event.) The lower panel (b) shows, initially, one ion of 192mRe, which γ decays
to the ground state approximately 40 s after injection. About 15 s later, the
ground state β-decays and is lost from the observation region.
With a conventional capacitive Schottky pick-up in the ESR,
it can take a few seconds for an accurate frequency measure-
ment [22, 37]. However, the recent development of a resonant
Schottky detector [38] gives a much faster response, allowing
frequency determination of the stored ions within a few tens of
milliseconds. This dramatic improvement – by a factor of about
1000 – in the speed of measurements enables us to apply SMS
in the isochronous mode studying short-lived nuclides. An il-
lustration of the first test measurements in the ESR is shown in
Figure 7. In this example, revolution frequencies of helium-like
213Ra and hydrogen-like 213Fr isobars are measured. Although
imperfections in the isochronous condition result in different
ions of, for example, 213Ra having slightly different revolution
frequencies because of their different velocities, any given ion
has a very stable revolution frequency. This opens the way to
fast high-resolution measurements, but the opportunities have
not yet been fully explored.
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Figure 6: Distribution of determined mass values for A = 133 isobars relative
to the 133Sb ground state. The isomeric state in 133Sb with an excitation energy
E∗ = 4560(100) keV is clearly resolved from the corresponding ground state.
Here, all 133Sn events were observed with the charge state q = 50+. The figure
is from Ref. [36].
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Figure 7: Time-resolved Schottky frequency spectra acquired with the new res-
onant Schottky detector [38] in the ESR tuned into the isochronous mode. The
ions are highly charged (86+) while the atomic numbers are Z = 88 and 87
for Ra and Fr, respectively. Traces from individual ions of 213Ra can be dis-
tinguished. fLo is 245924.5 kHz. The colour gradations represent the Schot-
tky noise power density in arbitrary units on a logarithmic scale. Taken from
Ref. [39].
The intensities of the peaks in the Schottky frequency spec-
tra reflect the number of stored particles and time-resolved
SMS [40] enables the measurement of half-lives (see, e.g.,
Refs. [3, 41, 42, 43, 44]), which can be done simultaneously
with the mass measurements. If an ion decays in the storage
ring, then its m/q changes, so the radius of its orbit changes
(for instance, it increases for β+ decay and decreases for β− de-
cay). Depending on the difference in mass-over-charge ratios
of the mother and daughter ions, this may cause the ion to fur-
ther circulate in the ring or to be ejected from it. In the latter
case, judicious placement of heavy-ion detectors behind bend-
ing magnets in the ring allows the interception of daughter ions,
and thus they can be counted with good detection efficiency.
A review of mass and lifetime measurements at the present
FRS-ESR facility can be found in Ref. [47].
4. ILIMA experiments in the collector ring CR
The Collector Ring (CR) is the first new storage ring cou-
pled to the Super-FRS that will become operational at FAIR. It
is therefore the prime focus of attention for the ILIMA collab-
oration. The CR is a multipurpose device which will provide
fast stochastic pre-cooling of antiprotons and heavy-ion beams,
and is also a dedicated facility for isochronous mass measure-
ments [33]. Particular care has been given to the ion-optical
matching of the Super-FRS and CR to achieve close to unity
transmission of the secondary beams [34].
Figure 8: Upper panel: Revolution time resolving power ∆T/T for nuclides
with different mass-over-charge ratios m/q. The curve for m/q = 2.615 corre-
sponding to 238U90+ ions has been measured in the ESR. The curves for other
m/q were scaled assuming that the particles with the same Bρ have the same or-
bit length in the ESR. The grey region illustrates the range of magnetic rigidities
determined in the FRS in the so-called Bρ-tagging method [48]. Lower panel:
Examples of measured revolution-time spectra in the ESR with and without
applying the Bρ-tagging method. A dramatic effect on the resolving power is
evident. Taken from Ref. [48].
Since the storage rings (the ESR as well as the CR) are large-
acceptance devices, a single time-of-flight spectrum contains a
broad band of different isotopes. For instance, ∆(m/q)/(m/q) ≈
13% is covered by a single experimental IMS setting in the
ESR [45, 46]. It is therefore clear that the condition γ = γt can-
not be fulfilled for the entire measured spectrum, which affects
significantly the achievable mass resolving power, see the upper
panel in Figure 8. A measurement of the velocity or magnetic
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rigidity of each particle in addition to its revolution frequency
would allow correction for this “non-isochronicity” effect [49].
A test experiment was conducted at the FRS-ESR in which the
magnetic rigidity of transmitted secondary particles was limited
to ∆(Bρ)/Bρ ∼ 1.5 · 10−4 in a dispersive plane of the FRS by a
pair of slits, the so-called Bρ-tagging method [48]. The effect
on the mass resolving power can clearly be seen in the lower
panel of Figure 8. This improvement, however, is at a cost of
significantly reduced transmission.
In the CR, we are aiming at the in-ring measurement of the
velocity of each stored ion. For this purpose two ToF detectors
will be installed in one of the long straight sections of the CR.
We note that prior to this, the technique will be tested at IMP
in Lanzhou, China, where a double-ToF arrangement is being
commissioned in the Cooler-Storage Ring CSRe. For more de-
tails see Refs. [50, 51, 52, 53] and references cited therein.
The development of resonant Schottky detectors [38] enables
us to make SMS measurements of nuclides with half-lives ∼ 10
ms or longer, see Figure 7. Thus, simultaneous broad-band
mapping of nuclear masses and lifetimes is foreseen in the CR.
It is notable that the individual ions in Figure 7 show good fre-
quency stability, but, due to the velocity spread at injection,
which is insufficiently compensated by the isochronous condi-
tion, there is a broader range of frequencies for different in-
jected ions of the same species. The full capabilities of such
measurements have yet to be exploited, especially with regard
to decay events where sudden frequency changes are manifest.
In addition to the ToF detectors and Schottky pick-ups,
heavy-ion detectors will be installed in the CR for the obser-
vation of β decays that take the decaying nuclei out of the range
of momentum acceptance.
Due to the high primary beam currents that will be avail-
able at FAIR, the large acceptance of the Super-FRS, and op-
timised transmission into the CR, the production cross-section
limit for mass (and other) measurements of exotic nuclei in the
CR will be several orders of magnitude lower than with the
present ESR at GSI. This opens up exceptional discovery po-
tential, which can most simply be illustrated, as shown in Fig-
ure 9, by the mass surface that will become accessible. This
is seen to extend into very exotic regions, including many nu-
clei that are expected to be waiting points on the path of r-
process nucleosynthesis. Measurements of masses and half-
lives in these currently inaccessible regions will help to answer
key nuclear-structure and nuclear-astrophysics questions about
shell quenching and elemental abundances [56]. We note that
the borders for the blue and red colours in Figure 9 conserva-
tively indicate the production rates of the corresponding iso-
topes as one stored ion per day. However, the well-established
ability of storage-ring mass spectrometry to determine the mass
value from a single stored ion [2, 57], allows us to aim even at
nuclides with production rates as low as one ion per week. The
latter has been demonstrated in Ref. [58] where the mass of
208
80 Hg has been determined from a single q = 79+ ion stored
during a two-week long beam time at the ESR.
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Figure 9: Nuclear chart illustrating the nuclides with presently known masses
(white colour) [54, 55], nuclides which can be addressed at the present FRS-
ESR facility (blue colour) and the nuclei which will become accessible with
the Super-FRS-CR (red colour) [4]. Borders are determined by the production
rates of the corresponding nuclides as low as one ion per day.
5. Half-life and reaction measurements in the high-energy
storage ring HESR
The High-Energy Storage Ring [59], see Figure 4, is a ring
with circumference of 574 m, which was primarily designed for
experiments with stored and cooled antiprotons [59]. However,
it turns out to be a well-suited facility also for heavy-ion op-
eration, in which the ions, stochastically pre-cooled in the CR,
can be extracted, transferred and stored in the HESR [60, 61].
The HESR will be equipped with an electron cooler and flexible
stochastic cooling which will be operational at different parti-
cle velocities. Furthermore, the HESR will be equipped with
internal gas as well as fiber targets for in-ring reaction stud-
ies [60, 61]. All these conditions open up the possibility of
precision experiments with cooled highly-charged exotic ions.
Some of the central goals of ILIMA at FAIR can be realised
in the HESR, such as studies of exotic decay modes and exper-
iments with pure isomeric beams using internal targets.
The HESR is designed to accumulate antiprotons over many
accumulation cycles. A similar procedure will be employed
to accumulate high intensities of ion beams, which is essential
for measuring decays of long-lived radionuclides. One strik-
ing example is the measurement of the bound-state β−-decay of
205Tl [62], which is important for solar neutrino physics and as-
trophysics. An essential feature is that the detection technique,
involving stripping off the bound electron in the hydrogen-like
daughter ion by interaction with an internal gas-jet target, will
be enabled in the HESR as a part of the SPARC experimen-
tal setup [60, 61]. Other examples include decay studies on
long-lived radioactive isotopes in various atomic charges states,
which are used for dating or cosmic γ-ray sources, e.g., the 44Ti
nucleus [63].
6. ILIMA physics programme with the FRS-ESR-
CRYRING
Investigations of exotic decay modes in highly-charged ra-
dionuclides can be extended at the CRYRING. According to the
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MSV, the present ESR facility will be kept in operation until the
NESR is commissioned [20]. This decision allows the ILIMA
collaboration to continue its unique experimental programme
at the FRS-ESR (see blue region in Figure 9). Furthermore, in-
stalling the low-energy CRYRING behind the ESR will allow
us to extend the research programme further.
One example of the envisaged experiments is the search for
the long-predicted NEEC process [64], which stands for Nu-
clear Excitation by free Electron Capture, and which is a res-
onant free-electron capture into a bound atomic orbital accom-
panied by the simultaneous excitation of the nucleus. This is
the exact inverse of the decay of nuclear states by Internal Con-
version (IC) [65]. So far, no experimental evidence has been
reported for NEEC.
One of the often considered ways to detect the NEEC pro-
cess, is to perform the nuclear excitation on a highly-excited,
long-lived isomeric state. In such a case, the de-excitation of the
state populated by NEEC can ideally be identified by a prompt
high-energy characteristic γ-ray transition. During the last few
years, several suitable isomeric states have been suggested. One
from many examples could be the 17.7 min (19/2−) isomeric
state at 1851 keV in the neutron-rich 129Sb nuclide, proposed
for CRYRING in Ref. [66].
Here one can use the capability of FRS-ESR to prepare a
clean isotopic or even isomeric beam, slow it down in the ESR
and CRYRING to energies in the range 10 to 100 keV, and then
extract it towards an implantation setup. Such low kinetic ener-
gies exclude any significant Coulomb excitation of the isomer
in the implantation material. The isomers will neutralize and,
if the NEEC process occurs, a high-energy γ-quanta will be de-
tected. We note that the NEET process [64], Nuclear Excitation
by Electron Transition, will occur as well.
The number of possible candidates is huge since all elements
can be studied at GSI and later at FAIR. Furthermore, if the
pioneering experiments are successful, a systematic investiga-
tion of the NEEC process and its dependence on the excitation-
energy, transition multipolarities, atomic charge state, atomic
number etc. can be envisaged.
Last, but not least, a beam line connecting FRS-ESR with the
Super-FRS-CR-HESR is envisaged as an extension of the MSV
of FAIR. If successful, it will be possible to study the most
exotic nuclei provided by Super-FRS with detection setups at
ESR-CRYRING.
7. Summary
The use of storage rings for radioactive ions has been con-
sidered, with an emphasis on the future possibilities for iso-
mer, mass and lifetime measurements with the CR and HESR
at FAIR, as well as with the present FRS-ESR facility extended
by a new low-energy storage ring, CRYRING. The reach of
the new facilities promises to be exceptionally good for the
measurement of nuclear structure properties in weakly bound,
short-lived exotic nuclei.
Based on experience with the present ESR at GSI and CSRe
in Lanzhou, both IMS with two ToF detectors, and SMS with
resonant Schottky detectors, will be sensitive to single stored
ions in the CR. ILIMA will thus be sensitive to the most ex-
otic species produced with rates of less than one ion per day,
which will enable us to study properties of nuclides, including
r-process nuclides, that are inaccessible by any other method or
technique.
Acknowledgements
This contribution is based on common projects and discus-
sions with our colleagues from the ILIMA collaboration [4] and
to all of them we are deeply obliged. We acknowledge support
from the UK STFC, and the Helmholtz-CAS Joint Research
Group HCJRG-108.
[1] F. Bosch et al., Int. J. Mass Spectrometry 251 (2006) 212.
[2] B. Franzke, H. Geissel, and G. Mu¨nzenberg Mass Spectrometry Reviews
27 (2008) 428.
[3] Yu. A. Litvinov and F. Bosch, Rep. Prog. Phys. 74 (2011) 016301.
[4] P. M. Walker et al., Technical Proposal for ILIMA (Isomeric Beams, Life-
times and Masses), Project Report, GSI, 2005.
[5] NuSTAR - Nuclear Structure, Astrophysics and Reactions Project,
http://www.fair-center.eu/for-users/experiments/nustar.html
[6] W. Henning et al. (Eds.), An International Accelerator Facility for
Beams of Ions and Antiprotons, Conceptual Design Report, GSI
http://www.gsi.de/GSI-Future/cdr/ , 2001.
[7] K. Blaum, Phys. Rep. 425 (2006) 1.
[8] K. Langanke and H. Schatz, Physica Scripta T 152 (2013) 014011.
[9] E. Burbidge, G. Burbidge, W. Fowler, F. Hoyle, Rev. Modern Phys. 29
(1957) 547.
[10] H. Geissel, G. Mu¨nzenberg, and K. Riisager, Annu. Rev. Nucl. Part. Sci.
45 (1995) 163.
[11] H. Geissel et al., Nucl. Instr. and Meth. B 70, 286 (1992).
[12] B. Franzke, Nucl. Instr. and Meth. B 24/25 (1987) 18.
[13] M. Lestinsky et al., CRYRING@ESR: A
Study Group Report, GSI Report, 2012
https://www.gsi.de/fileadmin/SPARC/documents/Cryring/ReportCryrin
[14] H. Geissel et al., Phys. Rev. Lett. 68 (1992) 3412.
[15] C. Scheidenberger et al., Hyperfine Interactions 173 (2006) 61.
[16] N. Kalantar-Nayestanaki et al., Int. J. Mod. Phys. E 18 (2009) 524.
[17] H. Moeini et al., Nucl. Instr. Meth. A 634 (2011) 77.
[18] Q. Zhong et al., J. Phys. Conf. Series 202 (2010) 012011.
[19] H. Geissel et al., Nucl. Instr. Meth. B 204 (2003) 71.
[20] FAIR Green Paper: The Modularized Start Version, October 2009,
http://www.gsi.de/documents/DOC-2009-Nov-124-1.pdf
[21] T. Radon et al., Phys. Rev. Lett. 78 (1997) 4701.
[22] T. Radon et al., Nucl. Phys. A 677 (2000) 75.
[23] M. Steck et al., Phys. Rev. Lett. 77 (1996) 3803.
[24] F. Nolden et al., Nucl. Instr. Meth. A 532 (2004) 329.
[25] M. Steck et al., Nucl. Instr. Meth. A 532 (2004) 357.
[26] H. Geissel et al., Nucl. Phys. A 746 (2004) 150c.
[27] H. Geissel and Yu. A. Litvinov, Nucl. Inst. Meth. B 266 (2008) 4176.
[28] U. Schaaf, PhD Thesis, Universita¨t Frankfurt, 1991; GSI-Report, GSI-91-
22 (1991).
[29] L. Chen et al., Nucl. Phys. A 882 (2012) 71.
[30] M. W. Reed et al., Phys. Rev. C 86 (2012) 054321.
[31] M. Hausmann et al., Nucl. Instr. Meth. A 446, 569 (2000).
[32] M. Hausmann et al, Hyperfine Interactions 132, 291 (2001).
[33] S. Litvinov et al., Proc. of Science, PoS (STORI11) 026 (2011).
[34] A. Dolinskii, S. Litvinov, M. Steck, and H. Weick, Nucl. Instr. Meth. A
574 (2007) 207.
[35] J. Tro¨tscher et al.. Nucl. Instr. Meth. B 70 (1992) 455.
7
[36] B. Sun et al., Phys. Lett. B 688 (2010) 294.
[37] Yu. A. Litvinov et al., Nucl. Phys. A 756, 3 (2005).
[38] F. Nolden et al., Nucl. Inst. Meth. A 659 (2011) 69.
[39] B. Sun et al., GSI Sci. Rep. 2010 (2011) 563.
[40] Yu. A. Litvinov et al., Nucl. Phys. A 734 (2004) 473.
[41] Yu. A. Litvinov et al., Phys. Lett. B 573 (2003) 80.
[42] T. Ohtsubo et al., Phys. Rev. Lett. 95 (2007) 052501.
[43] Yu. A. Litvinov et al., Phys. Rev. Lett. 99 (2007) 262501.
[44] N. Winckler et al., Phys. Lett. B 679 (2009) 36.
[45] J. Stadlmann et al., Phys. Lett. B 586 (2004) 27.
[46] B. H. Sun et al., Nucl. Phys. A 812 (2008) 1.
[47] F. Bosch et al., Int. J. Mass Spectrometry, this issue.
[48] H. Geissel et al., Hyperfine Interactions 173 (2006) 49.
[49] H. Geissel and Yu. A. Litvinov, J. Phys. G 31, (2005) S1779.
[50] H. S. Xu et al., Int. J. Mass Spectrometry, this issue.
[51] X. L. Tu et al., Phys. Rev. Lett. 106 (2011) 112501.
[52] X. L. Tu et al., Nucl. Instr. Meth. A 654 (2011) 213.
[53] Y. H. Zhang et al., Phys. Rev. Lett. 109 (2012) 102501.
[54] G. Audi et al., Nucl. Phys. A 729, 337 (2003).
[55] G. Audi et al., Chinese Phys. C 36 (12), 1287 (2012).
[56] I. Dillmann and Yu. A. Litvinov, Prog. Part. Nucl. Phys. 66 (2011) 358.
[57] L. Chen et al., Phys. Lett. B 691 (2010) 234.
[58] L. Chen et al., Phys. Rev. Lett. 102 (2009) 122503.
[59] R. Maier et al., HESR Technical Design Report V. 3.1.2 (2008),
http://www-win.gsi.de/fair-eoi/PDF/TDR_PDF/TDR_HESR-TRV3.1.2.pdf
[60] T. Sto¨hlker et al., Physica Scripta, in press (2013).
[61] T. Sto¨hlker et al., SPARC Experiments
at the HESR: A Feasibility Study, 2012,
http://www.gsi.de/index.php?eID=tx_nawsecuredl&u=0&file=/fileadmin/SPARC/documents/SPARC@HESR_FS_V26.pdf&t=1348670739&hash=de96171
[62] F. Bosch et al., Experimental Proposal for the FRS-ESR Facility, GSI,
2010.
[63] A. Evdokimov et al., Proc. of Science, PoS(NICXII) 115.
[64] V. Goldanskii and V. Namiot, Phys. Lett. B 62 (1976) 393.
[65] A. Palffy et al., Phys. Lett. B 661 (2008) 330.
[66] M. Lestinsky et al., Physics book: CRYRING@ESR, in preparation.
8
